We present a Bacterial Expression Vector Archive (BEVA) for the 16 modular assembly of bacterial vectors compatible with both traditional and 17 Golden Gate cloning, utilizing the Type IIS restriction enzyme Esp3I. Ideal for 18 synthetic biology and other applications, this modular system allows a rapid, low-19 cost assembly of new vectors tailored to specific tasks. To demonstrate the 20 potential of the system three example vectors were constructed and tested. Golden 21 Gate level 1 vectors; pOGG024, with a broad-host range and high copy number 22 was used for gene expression in laboratory-cultured Rhizobium leguminosarum, 23 and pOGG026, with a broad-host range a lower copy number and excellent 24 stability, even in the absence of antibiotic selection. The application of pOGG026 25 is demonstrated in environmental samples by bacterial gene expression in 26 nitrogen-fixing nodules on pea plants roots formed by R. leguminosarum. Finally, 27 the level 2 cloning vector pOGG216 is a broad-host range, medium copy number, 28 for which we demonstrate an application by constructing a dual reporter plasmid 29 expressing green and red fluorescent proteins. 30 31 IMPORTANCE Modular assembly is powerful as it allows easy combining of 32 different components from a library of parts. In designing a modular vector 33 assembly system, the key constituent parts (and modules) are; an origin of 34 plasmid replication, antibiotic resistance marker(s), cloning site(s), together with 35 additional accessory modules as required. In an ideal vector, the size of each 36 module would be minimized, and this we have addressed. We have designed such 37 a vector assembly system by utilizing the Type IIS restriction enzyme Esp3I and 38 3 have demonstrated its use for Golden Gate cloning in Escherichia coli. An 39 important attribute of this modular vector assembly is that using the principles 40 outlined here, new modules for specific applications, e.g. origin of replication for 41 plasmids in other bacteria, can easily be designed. It is hoped that this vector 42 construction system will be expanded by the scientific community over time by 43 creation of novel modules through an open source approach. 44 45 KEYWORDS Golden Gate, level 1, level 2, modular assembly, cloning vector, 46 shuttle vector, broad host-range plasmid, open source, plasmid design. 47 4
given a massive improvement in the efficiency of assembly compared to 71 traditional rounds of restriction/ligation cloning and has been used to assemble at 72 least nine fragments in linear order, with 90% of transformed bacterial colonies 73 containing correct products (5) . 74
Golden Gate cloning platforms have been developed for plants, fungi and 75 the bacterium Escherichia coli (6-9). However, in a wide-range of bacteria, 76 vectors for cloning using Golden Gate tools are not available. The ability to use 77 the most up-to-date molecular tools is crucially important for agricultural 78 biotechnology. Here we describe the development of a system for modular 79 assembly of Golden Gate-compatible cloning broad-host range vectors from a 80 library of vector parts. As these vectors are able to replicate in E. coli, this 81 facilitates easy genetic manipulation since following plasmid construction, as the 82 plasmids constructed can be transferred easily to other bacterial species. We 83 demonstrate the efficacy of this system by constructing several vectors, analogous 84 to useful traditional cloning broad-host range vectors but that are now Golden 85 Gate-compatible: level 1 cloning broad-host range vectors pOGG024, a medium 86 Modular vector assembly. A new standardized system for vector assembly was 94 designed based on Golden Gate cloning and the MoClo system described by 95 Weber et al. 2011 (4) . We have designed a bacterial vector assembly system with 96 a series of discrete key modules. In order to do this we took advantage of the 97 modularization and miniaturization of bacterial vector modules in the Standard 98 European Vector Archive (SEVA) (10, 11) . In SEVA these modules are arranged 99 in a predefined order and assembled using standard restriction enzymes and 100 standard restriction/ligation reactions. We have conserved this organization in the 101 modular vector assembly system: position 1 is the cloning site(s), position 2 is the 102 antibiotic resistance cassette, position 3 is origins of replication and transfer. 103
Three more positions (4 to 6) have been reserved for additional accessory 104 modules for specific applications. Endlinkers containing terminators (ELT) are 105 used to circularize the plasmid by connecting the final position used to position 1 106 ( Fig. 1A ). We incorporated Golden Gate level 1 and level 2 cloning sites into 107 position 1 to make them compatible with the MoClo Golden Gate cloning system 108 7 resistance, position 3 -origins of replication and transfer, with positions 4 -6 117 reserved for accessory modules (Fig 1, Table 1 ). Modules at each position (1 to 6 118 and Endlinkers, Table 1 ) have inward-facing Esp3I sites which on digestion give 119 4 bp-overhangs. These overhangs are able to anneal with those from neighbouring 120 modules in a linear fashion and, on vector assembly, give 4 bp motifs which 121 remain at the join between modules (all motifs for each junction are listed in 122 Table 1 , Fig. 1 ). An advantage of modular assembly is the ability to utilize 123 minimal parts which exclude any non-functional DNA. This allows construction 124 of vectors with the same key features as those currently widely adopted, but the 125 resulting plasmid is significantly smaller in size. The reduced size enhances the 126 ease of DNA manipulation and allows accommodation of larger cloned inserts. To 127 this end, several modules (positions 2 and 3) used the minimal units of antibiotic-128 resistance modules and origins of replication/transfer previously defined by 129 SEVA (10, 11) (Table 1) . 130
Most parts were constructed by DNA synthesis by Invitrogen and supplied in the 131 change was made in the wobble base of a codon, such that the same amino acid 139 was encoded. Outside of an ORF, a transition mutation was introduced. 140
The position 1 modules we designed are based on level 1 and level 2 cloning sites 141 pL1F-1 and pL2V-1 from the MoClo system of Weber et al. (4) (Table 1) . The 142 level 1 cloning site in pOGG004 contains a lacZα fragment that is replaced 143 following Golden Gate cloning following the MoClo system, resulting in blue to 144 white colony colour selection when plated on appropriate media. Since lacZα still 145 contains a polylinker, vectors constructed with the level 1 Golden Gate cloning 146 site are also flexiblefor use in traditional cloning utilizing unique restriction sites 147 in the polylinker and blue-white selection. The level 2 golden gate cloning site 148 encodes a canthaxanthin biosynthesis operon that is replaced upon successful 149 level 2 cloning resulting in a transition from an orange colony colour to white or 150 blue. Both position 1 modules include a rho-independent T 0 lambda phage 151 transcription terminator (12) included at their 3 '-end. 152 We note that since the level 1 Golden Gate cloning site part (pOGG004) is 153 maintained in a high copy number vector backbone, it can be cloned into directly 154 using BsaI as described here and utilized as a high copy plasmid for recombinant 155 protein expression in E. coli. We synthesised (pOGG005), with an Ampicillin 156 resistant backbone for this purpose, to be compatible with traditional systems for 157 recombinant protein production. 158
For position 2 (antibiotic resistance), gentamicin-and neomycin-resistance 159 modules were based on the minimal resistance cassettes from SEVA(11). The 5'-160 end SwaI and 3'-end PshAI sites that flanked the SEVA modules were replaced 9 with inward-facing Esp3I sites. We found that the SEVA constitutive tetA gene 162 conferred insufficient levels of tetracycline resistance to our organisms of interest 163 (data not shown), therefore we designed a more robust tetracycline-resistance 164 module based on the tetAR resistance module from pJP2 (13). To preserve a 165 minimal size, only DNA between the stop codons of the divergently transcribed 166 tetA and tetR was used and their orientation conserved (Fig. 1B) . In position 3 167 (origins of replication and transfer), modules containing pBBR1 and RK2 origins 168 of replication were designed based on SEVA modules (11), but with inward-169 facing Esp3I sites replacing PshAI and AscI sites. An origin of transfer (oriT), to 170 permit conjugation from E. coli into target strains, was included at the 5'-end. At 171 position 4, an accessory module for stable plasmid maintenance in the absence of 172 antibiotic selection was designed. Based on the par locus from pJP2, which has 173 previously been shown to render stable plasmid maintenance in the absence of 174 antibiotic selection (13), parABCDE, as well as 107 bp downstream of parE (at 175 5'-end) and 139 bp downstream of parA (at 3'-end) ( Fig 1B) was oriented such 176 that the parE was transcribed towards position 3, while parA was at the 3'-end, 177 transcribed towards position 1 ( Fig. 1B) . 178 Endlinker (ELT) modules were designed to complete assembly by circularizing 179 the plasmid, either by linking position 3 (origin of replication), or accessory 180 modules at positions 4, 5 or 6 to position 1 (cloning sites). Endlinker modules 181 contain the E. coli T 1 rrnBT1 terminator to help buffer any transcription effects 182 from the cloning site (12). 183
Design and construction of level 0 open reading frame parts. Golden Gate 184
cloning is often used in a hierarchical assembly where level 0 parts (genetic 185 features controlling a gene's transcription, translation and the termination of 186 transcription) are assembled in a single one-pot reaction (referred to as level 1 187 assembly) (4). In order to test the vectors that we constructed, we adapted several 188 parts that are routinely used in our lab, including promoters with ribosome 189 binding sites (PU modules), ORFs (SC modules) and a terminator (T module). 190
These parts were synthesized as described for vector construction modules, except 191 that they were assembled with inward-facing BsaI sites that cut appropriate 192 sequences for level 1 assembly (Table 3) . 193
We adapted several promoters routinely used for gene expression in rhizobia or E. 194 coli for use as PU modules (Table 3) For SC modules (Table 3) , we utilized several different reporter genes to 203 demonstrate vector function. These include genes encoding superfolder green 204 fluorescent protein (sfGFP) (19), E. coli β-glucoronidase (gusA) and Pyrococcus and celB, and gusA. All SC modules were constructed flanked by inward facing 208 BsaI restriction site cutting 5'-AATG-3' at the 5' end and GCTT at the 3' end. In 209 all cases the final three nucleotides of the AATG scar encode the start codon for 210 the ORF and the GCTT scar immediately follows the stop codon. 211
For use as a transcriptional terminator, the rrnBT1 transcriptional terminator with 212 flanking regions from pLMB509 (17) Table 2 ). 217 218 Vectors for Golden Gate level 1 cloning in bacteria. Vector assembly reactions 219 were performed by selecting appropriate modules in each position ( Fig. 1,  220 summary of the sequences used to combine the modules which remain at their 221 junctions and fusion sites are given in Table 1 ). 222
To demonstrate the flexibility of the system, two vectors for level 1 cloning, 223 analogous to those used for traditional cloning and DNA manipulation in Gram-224 negative bacteria, were constructed. Plasmid pOGG024 ( Fig. 2A , Table 2 ), a 3.4 225 kb level 1-compatible vector for bacterial gene expression, was made by adding 226 the following plasmids (listed in Table 3 ) to a one-pot reaction (digestion with 12 position 3; pBBR1-based origin of replication from pOGG011 and the appropriate 230 Endlinker (ELT3) from pOGG013 (Table 1) . 231
Plasmid pOGG026 (6.6 kb, Fig. 3A , Table 2 ) was constructed by combining the 232 following modules (Table 3) antibiotics from pOGG012 and the appropriate Endlinker (ELT4) from pOGG014 237 (Table 1) . 238 239 Gene expression using vector pOGG024. In previous work we described the 240 construction of pLMB509 (17), a plasmid which has a taurine-inducible promoter 241 upstream of a gene encoding GFP (gfpmut3.1).To evaluate the performance of 242 vector pOGG024 through comparison with the fully-characterized pLMB509, we 243 assembled plasmid pOPS0359 by cloning a taurine-inducible promoter upstream 244 of superfolder GFP (sfGFP) to create a functionally analogous plasmid i.e. 245 taurine-inducible expression of GFP ( Fig. 2B ). To do this, a Golden Gate level 1 246 cloning reaction was performed with components (listed in Table 3 ) in a one-pot 247 reaction (digestion with BsaI and ligation); vector; pOGG024, PU module; 248
Sinorhizobium meliloti taurine promoter from pOGG041, SC module; sfGFP from 249 pOGG037, T module; rrnBT1 terminator from pOGG003 to create pOPS0359. 250
Taurine-dependent GFP expression of plasmids pOPS0359 and pLMB509 in a 251 taurine they showed similar growth (Fig 2E-F) and gave fluorescence profiles 253 indicating induction of GFP throughout the exponential phase. Although similar 254 GFP induction profiles were seen, pOPS0359 showed significantly higher levels 255 of overall fluorescence, especially at 10 and 40 mM taurine. As the plasmids 256 share the same origin of replication (pBBR1) there are two factors that are likely 257 to have had an influence on this; the brighter fluorescence of sfGFP (19) 258 (pOPS0359) compared to that of GFPmut3.1 (pLMB509), and the reduced size of 259 pOPS0359 (5.5kb) compared to pLMB509 (6.8kb) perhaps leading to an 260 increased plasmid copy number. 261
Gene expression using pOGG026. To demonstrate the flexibility of BEVA we 262 constructed a relatively low copy number, stable plasmid pOGG026, suitable for 263 experiments in environments where there is no antibiotic selection present. 264
To demonstrate the stability of pOGG026, and therefore its use for experiments 265 carried out in many different environments, it was used to construct plasmids 266 pOPS0253 (Fig. 2B) , pOPS0254 ( Fig. 2C ) and pOPS0379 by Golden Gate 267 cloning. Using a level 1 one-pot reaction (BsaI and ligation), pOPS0253 was 268 constructed from the following (listed in The expression of the chromogenic marker genes in plasmids pOPS0253 and 280 pOPS0254 can be followed by staining either pink (gusA) or blue (celB) when the 281 appropriate substrate is supplied (20). Stained pea nodules are shown in Fig. 2E -F 282 and stained bean nodules are shown in Fig. 2G . Even when all mature nodules 283 showed correct staining, to further verify plasmid stability, at least three nodules 284 were crushed from each plant, and eight independent colonies from those obtained 285 were screened for antibiotic resistance. All colonies showed neomycin resistance, 286 consistent with stable maintenance of plasmids derived from vector pOGG026. 287
The inducible expression of sfGFP can be observed when nodules reach mature 288 stage and just in the nitrogen fixing zone (Fig. 2H ). 289
We have developed a plasmid-based system that can be utilized for assessing 290 competitiveness between rhizobia which is similar to the chromosomally-encoded 291 strategy described by Sánchez-Cañizares & Palacios (21). Using pOPS0379 we 292 now have a non-invasive symbiosis-induced screening system which can be used 293 to recover live rhizobia from nodules for further analysis. 294 295 Golden Gate Level 2 cloning vectors. In the MoClo system, multigene 296 constructs are constructed by assembling transcriptional units by Golden Gate 297 level 1 cloning reaction into level 1 shuttle vectors that dictate the final position in 298 a level 2 construct. Transcriptional units are then combined using a Golden Gate 299 level 2 cloning reaction with BpiI (4). To demonstrate the flexibility of the 300 assembly system we have designed and constructed a level 2 destination vector, 301 pOGG216 (Fig. 4A) . Vector pOGG2016 was made by a one-pot reaction for 302 vector assembly (Esp3I and ligase) with the following modules (listed in Table 3 ): 303 position 1; level 2 cloning site from pOGG006, position 2; tetracycline-resistance 304 module from pOGG042, position 3; pBBR1 origin from pOGG011 and an 305 appropriate Endlinker (ELT3) from pOGG013. 306
Gene expression using vector pOGG216. To validate the performance of vector 307 pOGG216, a level 2 cloning reaction was performed (one-pot reaction with BpiI 308 and ligase) to construct pOPS0754 (Fig. 4B) , a dual reporter plasmid, using the 309 following parts: level 2 vector pOGG216, forward position 1 from pOGG202, 310 forward position 2 from pOGG203 and level 2 Endlinker ELB-2 from pOGG056. 311
Plasmid pOGG202 (clone of a level 1 unit which encodes IPTG-inducible sfGFP) 312 was constructed by combining the following in a one-pot reaction (BsaI and 313 ligase): forward position 1 shuttle vector pL1V-F1 pOGG021, PU module pLac 314 from pOGG031, SC module sfGFP from pOGG037 together with T module 315 rrnBT1 from pOGG003. 316 Plasmid pOGG203 (clone of a level 1 unit which encodes a constitutively-317 expressed mCherry) was assembled by combining the following in a one-pot 318 reaction (BsaI and ligase): forward position 2 shuttle vector pL1V-F2 pOGG054, PU module pNeo from pOGG001, SC module mCherry from EC15071 and T 320 module rrnBT1 from pOGG003. 321
Assembly in E. coli of the final dual reporter plasmid pOPS0754 was very 322 efficient (>90% correct constructs, same as in Weber et al. 2011 (4) ). Plasmid 323 pOPS0754 was conjugated into Rlv3841 and green and red fluorescence from this 324 dual reporter plasmid is shown in Fig. 4 .C-D. 325
326
In conclusion, the BEVA system we describe has proved to be robust and flexible 327 for creating new bacterial vectors. The modular vectors we constructed with this 328 system behaved consistently well in the Gram-negative bacteria tested (E. coli and 329 R. leguminosarum), and demonstrated stability in the environments tested 330 (rhizosphere and nitrogen-fixing root nodules formed by symbiotic bacteria) when 331 engineered to contain the stability accessory module (par genes). The BEVA 332 vectors for use in Golden Gate cloning (level 1: pOGG005, pOGG024 and 333 pOGG026, and level 2: pOGG216) have been made available through Addgene 334 (Table 2) . While these vectors are useful for cloning and gene expression in R. 335 leguminosarum, the major advantage of the modular system described here is its 336 flexibility. The ability to rapidly assemble BEVA vectors with unique features, 337 specifically suited to a specific purpose, e.g. alternative antibiotic resistance 338 modules to avoid conflict with other markers, or to alter the origin of replication 339 to avoid plasmid incompatibility has enormous applications for those working in 340 many different areas. Rapid assembly of new BEVA vectors from such a bank of 341 parts in this way offers a quick and economical option for construction of new vectors, not only for bacteria, as the system could be expanded to include parts for 343 plant transformation or replication and maintenance in fungi. 344
345

MATERIALS AND METHODS 346
Bacterial media and growth conditions Bacterial strains and plasmids used in 347 this study are listed in Table 2 . E. coli strains were grown in liquid or on solid 348
Luria-Bertani (LB) medium (23) at 37°C, supplemented with antibiotics at the 349 following concentrations: tetracycline (10 μg ml −1 ), gentamicin (10 μg ml −1 ), 350 kanomycin (20 μg ml −1 ) or spectinomycin (100 μg ml −1 ). Rhizobial strains were 351 grown on tryptone yeast (TY) agar or broth (24) or universal minimal salts 352 (UMS)(25) at 28°C. Antibiotics were added to TY when necessary at the 353 following concentrations: streptomycin (500 μg ml −1 ), tetracycline (5 μg ml −1 ), 354 gentamicin (20 μg ml −1 ), rifampicin (50 μg ml −1 ), and neomycin (40 μg ml −1 ). 355
Plasmids were transferred into wild-type (Rlv3841 and R. were prepared on ice before 25 cycles: 3 min at 37 o C then 4 min at 16 o C, followed by 5 min at 50 o C and 5 min at 80 o C. Samples were cooled on ice and 1 366 uL was transformed into 10 uL of E. coli competent cells (Bioline Gold) by heat 367 shock for 1 min at 42 o C (27). and plated onto LB with appropriate antibiotics (for 368 pOGG024 selection was for gentamicin-resistance, for pOGG026 for kanamycin 369 resistance and for pOGG216 for tetracycline resistance) and X-gal at 40 ug/mL. 370
Several colonies showing the correct colour, i.e. blue for pOGG024 and 371 pOGG026 (level 1) vector assembly (colour is conferred by the presence of lacZα 372 in the cloning site) and orange for pOGG216 (level 2) (conferred by a 373 canthaxanthin biosynthesis cluster in the cloning site) (4), were screened by 374 plasmid restriction digest and sequencing to verify correct constructs. Correct 375 plasmid assembly was observed at very high frequencies and comparable to those 376 described for Golden Gate cloning reactions (4). 377
Level 1 cloning was performed as described above, except BsaI FD (Thermo 378 Scientific) replaced Esp3I. For level 2 cloning, BpiI (Thermo Scientific) was used 379 instead of Esp3I. Transformation was performed as described above and colonies 380
showing the correct colour based on the replacement of modules in the vector 381 cloning sites (blue to white for level 1 and orange to blue or white for level 2) 382 were screened by plasmid restriction digest and sequencing to verify correct 383
constructs. 384
Plant growth Pisum sativum (pea) and Phaseolus vulgaris (bean) seeds were 385 surface sterilized by immersion in 95% ethanol for 0.5 min, followed by washing 386 with sterile water. Seeds were then immersed in 2% Sodium hypochlorite for 5 387 min. After washing the seeds five times with sterile water, they were placed onto 388 germination. Pea seedlings were placed in sterile 1-litre pots with medium 390 vermiculite and supplied with 400 ml nitrogen-free rooting solution (28). In the 391 case of beans, seedlings were placed in sterile 2-litre pots with fine vermiculite 392 and supplied with 800 ml nitrogen-free rooting solution, (29) Inoculation was at 393 approx. Photographs were taken using a dissecting microscope (Leica M165 FC) with a 414 Leica DFC310 FX digital camera accompanying software (LAS v4.5) . Visible 415 light filter and a GFP filter were used. 416
Image Acquisition for green and red fluorescence expression 417
NightOWL camera (Berthold Technologies). Each CCD image consisted of an 418 array 1,024 by 1,024 pixels, and after acquisition, images were postprocessed for 419 cosmic suppression and background correction. Fluorescence CCD images were 420 acquired with a Ring-light epi illumination accessory exposed for one second and 421 special filters have to be used. Filter used for GFP quantification at excitation 422 wavelength 475/20 and emission wavelength 520/10 nm. Filter used for mCherry 423 quantification at excitation wavelength 550/10 and emission wavelength 620/10 424 nm. Images were analysed with the imaging software IndiGO (Berthold 425 Technologies 
